Flowering plants attract pollinators via various stimuli such as odor, color, and shape. Factors determining the foraging behavior of pollinators remain a major theme in ecological and evolutionary research, although the floral traits and cognitive ability of pollinators have been investigated for centuries. Here we show that the autofluorescence emitted from pollen and anthers under UV irradiation may act as another attractant for flower-visiting insects. We have identified fluorescent compounds from pollen and anthers of five plant species as hydroxycinnamoyl derivatives. The fluorescent compounds are also shown to quench UV energy and exhibit antioxidant activity, indicating a function as protectants of pollen genes from UV-induced damage. A two-choice assay using honeybees in the field demonstrated that they perceived the blue fluorescence emitted from the fluorescent compounds and were attracted to it. This result suggested that the fluorescence from pollen and anthers serves as a visual cue to attract pollinators under sunlight.
Introduction
Most pollinators are insects, and pollination of ca. 75% of crop species and up to 94% of wild flowering plant species depend on foraging insects including bees, which are among the most important pollinators visiting more than 90% of the leading 107 global crop species (Vanbergen and The Insect Pollination Initiative 2013; Potts et al. 2016) . Plant-insect interactions have been addressed, and a number of studies demonstrated that flowers attract pollinators via olfactory, visual, and tactile cues (Lunau 2000) . Remarkable cognitive abilities of pollinators also have been described beyond odor, color, pattern, texture, shape, and other characteristics (Lunau 2000; Hempel de Ibarra et al. 2014) . Nevertheless, the factors influencing the foraging behavior of pollinating insects are still not sufficiently understood (Mayer et al. 2011) .
Floral fluorescence has been proposed as one of the visual cue for insects. Floral nectars show UV-induced fluorescence in the blue region, and the emission was suggested as a visual signal in biocommunication (Thorp et al. 1975) . Petals, ovaries, and stigmas of several plants display blue or green fluorescence under UV irradiation, but their fluorescence was concluded to be negligible by comparing the number of emitted photons to that of reflected photons (Iriel and Lagorio 2010; Lagorio et al. 2015) . Although studies have proposed and discussed biocommunication through floral fluorescence in plantpollinator systems, the perceptive capability of insects for the fluorescence has not been examined by behavioral experiments (Gandía-Herrero et al. 2005a, b; García-Plazaola et al. 2015; Iriel and Lagorio 2010; Kevan 1976; Thorp et al. 1975) . Pollen and anthers of many plants also emit bright blue fluorescence under UV light (Fukui et al. 2017; Roschina 2012) . One possible function of the fluorescence is gene protection from UVinduced damage. Anthers usually extend beyond the corolla, and, thus, the genes in pollen are exposed to the risk of such damage. Fluorescent compounds may protect the genes in Hiroshi Fukui and Katsumi Goto died before publication of this work was completed.
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pollen from harmful UV energy through a transduction of absorbed UV to the fluorescence (Hoque and Remus 1999; Rozema et al. 2001 ). The second function may be the attraction of pollinators by highlighting pollen as food. Honeybees (Apis mellifera), a widespread managed insect for crop pollination, may perceive blue fluorescence since they have a trichromatic vision with maxima of peak sensitivities at UV (344 nm), blue (436 nm) and green (544 nm) (Peitsch et al. 1992) . Honeybees have a distinct ability in color discriminations (Dyer and Neumeyer 2005) and an innate color preference for blue stimuli around 410-420 nm during their lifespan (Giurfa et al. 1995) . Bumblebees and several other bees have a similar color vision (Dyer et al. 2016; Gumbert 2000; Peitsch et al. 1992) , implying that the blue fluorescence emission may be detectable by and attractive to bees. Nevertheless, the fluorescent compounds occurring in pollen grains and anthers have not been identified, and the understanding of their ecological function remains rudimentary. This paper describes the identification of fluorescent compounds from pollen grains and anthers and reveals that honeybees recognize and prefer the fluorescence as proven by a behavioral assay under sunlight.
Methods and Materials
Plant Materials Flowers of Dipsacus fullonum were collected at The Garden of Medicinal Plants, Kyoto Pharmaceutical University (Kyoto, Japan) in July 2013, Fatsia japonica at the North Campus of Kyoto University (Kyoto, Japan) from November 2013 to January 2014, and Plantago lanceolata at the riverside of Kamo River (Kyoto, Japan) in May 2013. Flowers of Prunus persica 'Akatsuki' were collected at the Nagano Fruit-tree Experiment Station (Nagano, Japan) in April 2014. Flowers of Scabiosa atropurpurea 'Snow Maiden' were purchased from a local flower shop in Kyoto in April 2015.
Photography Pictures of flowers were taken with a camera D200 (Nikon, Tokyo, Japan) equipped with an AF ZoomMicro Nikkor ED 70-180 mm f/4.5-5.6D lens (Nikon) for D. fullonum, with a camera EOS 60D (Canon, Tokyo, Japan) equipped with an EF-S60 mm F2.8 MACRO USM lens (Canon) for F. japonica, Pr. persica, and S. atropurpurea, and with a camera EOS Kiss X4 (Canon, Tokyo, Japan) equipped with an EF-S 18-55 mm F3.5-5.6 IS II lens (Canon) for Pl. lanceolata. The anther and pollen grains of S. atropurpurea were photographed with a camera E-510 (Olympus, Tokyo, Japan) connected to a stereomicroscope SMZ-1500 (Nikon). Pictures of filter papers were taken with the EOS 60D equipped with the EF-S 18-55 mm F3.5-5.6 IS II lens. Fluorescent lamps HGX FHF32EX (32 W; NEC lighting, Tokyo, Japan) were used for white light illumination, and two Handy UV Lamps LUV-16 (365 nm, 16 W; ASONE, Osaka, Japan) were used for UV illumination.
Reagents Reagents of analytical grade were purchased from Wako Pure Chemical Industries (Osaka, Japan). Methyl caffeate and methyl ferulate were prepared from caffeic acid and ferulic acid by methylation with diazomethane, respectively. Wakogel® C-200 silica gel (Wako Pure Chemical Industries) was used for silica gel column chromatography. YMC*GEL ODS-AQ 12 nm S-50 μm (YMC, Kyoto, Japan) was used for ODS gel column chromatography.
TLC, HPLC, LC-MS, and NMR Conditions TLC Silica gel 60 F 254 Aluminum sheets (Merck, Darmstadt, Germany) were used for TLC analyses. The developing solvent was a mixture of MeOH, CHCl 3 , and AcOH in the ratio of 15:5:1.
HPLC was performed on L-7100 series equipment (Hitachi, Tokyo, Japan) consisting of a L-7100 pump and a L-7400 detector: a YMC-Pack ODS-AQ column (6.0 mm inner diameter × 100 mm; YMC, Kyoto, Japan); flow rate at 1.0 mL/min; detection at 254 nm.
LC-MS analyses were performed on a LCMS-8040 mass spectrometer (Shimadzu, Kyoto, Japan) with a COSMOSIL-Pack 5C18-MS-II column (2.0 mm inner diameter × 150 mm; Nacalai tesque, Kyoto, Japan) for compounds 1-4 and on an Acquity UPLC system H class and a Xevo G2-S QTof MS (Waters, MA, USA) with an Acquity UPLC BEH C18 column (polar size 1.7 μm, 2.1 mm inner diameter × 50 mm; Waters) for compounds 5 and 6. The analyses were conducted under the following conditions for compounds 1-4: the mobile phase consisted of solvent A (100% ultra pure water containing 0.1% formic acid) and solvent B (100% CH 3 CN) under the following gradient program: 10% B for 5 min and 10-50% B for 30 min at a flow rate of 0.2 mL/min. The MS was operated in electron spray ionization (ESI) positive mode with the following parameters: column oven, 40°C; probe voltage, 4.5 kV; desolvation line temperature, 250°C; heat block temperature, 400°C. For analyses of compounds 5 and 6, the mobile phase consisted of solvent A (100% ultra pure water containing 0.1% formic acid) and solvent B (100% CH 3 CN containing 0.1% formic acid) under the following gradient program: 10-50% B for 5 min at a flow rate of 0.3 mL/min. The MS was operated in an ESI positive mode under the following parameters: capillary voltage, 3.0 kV; cone voltage, 40 V; source temperature, 150°C; desolvation temperature, 500°C.
NMR spectra of methanol-d 4 (Sigma-Aldrich, MO, USA) solutions were measured with AVANCE III 400 and AVANCE III 500 spectrometers (Bruker, Rheinstetten, Germany).
Two-Photon Excitation Laser Scanning Microscopy Intact dehisced anthers with pollen grains of S. atropurpurea were observed with an upright microscope FV1200MPE-BX61WI (Olympus, Tokyo, Japan), equipped with a 25 × /1.05 water-immersion objective lens XLPLN 25XW-MP (Olympus), which was connected to an Insight DeepSee Ultrafast laser (Spectra Physics, Mountain View, CA, USA). An IR-cut filter BA685RIF-3 (Olympus), three dichroic mirrors, DM450 (Olympus), DM570 (Olympus), and DM505 (Olympus), and emission filters, BA460-500 (Olympus) were used. The intrinsic fluorescence of anthers and pollen grains was examined using 720 nm excitation. Emission was captured in a GaAsP1 detector (460-500 nm, colored cyan). The anthers containing pollen after extraction with MeOH for 7 days were observed under the same conditions. Acquired images were processed with ImageJ version 2.0.0 (National Institutes of Health, MD, USA).
Transmission Electron Microscopy Pollen grains of S. atropurpurea before and after extraction with methanol for 7 days were fixed in half Karnovsky's fixative for 30 h. Fixed pollen grains were rinsed with 0.1 M phosphate buffer, followed by post-fixation with 1% osmium tetroxide at 4°C overnight. The samples were dehydrated in a graded ethanol series and then embedded in Plain resin (Nisshin EM, Tokyo, Japan) at 70°C for 5 days. Ultrathin sections were prepared by an ultramicrotome EM UC6 (Leica, Heidelberg, Germany) with a diamond knife and placed on copper grids. The sections were stained with 1% uranyl acetate and lead citrate and observed with a transmission electron microscope H-7650 (Hitachi, Tokyo, Japan). Images were captured with an AMT XR-41C CCD camera system (Advanced Microscopy Techniques, MA, USA).
Isolation and Quantification of Compounds 1-6 Anthers with pollen (0.7 g) of D. fullonum were extracted with 30 mL MeOH. The extract was partitioned between EtOAc and H 2 O. The material from the organic layer was applied to a silica gel column and eluted with 20 mL of CHCl 3 -MeOH for each fraction. The fraction eluting with 20% MeOH was subjected to preparative HPLC (eluent: 40% MeOH containing 0.1% TFA). The component eluting at tR 12.8 min was collected and concentrated to give 4 mg of compound 1.
Anthers with pollen (2.6 g) of F. japonica were extracted with 30 mL MeOH. The extract was applied to a silica gel column and eluted with 30 mL of CHCl 3 -MeOH for each fraction. The fraction eluting with 50% MeOH was subjected to preparative HPLC (eluent: 40% MeOH containing 0.1% AcOH). The component eluting at tR 10.6 min was collected and concentrated to give 1 mg of compound 1. Another MeOH extract from the anthers containing pollen (1.0 g) was subjected to preparative HPLC (eluent: 40% MeOH containing 0.1% AcOH). The component eluting at tR 4.3 min was collected and concentrated to give 2 mg of compound 2.
Anthers with pollen (3.7 g) of Pl. lanceolata were extracted with 30 mL MeOH. The extract was partitioned between EtOAc and H 2 O. The material from the organic layer was applied to a silica gel column and eluted with 30 mL of CHCl 3 -MeOH for each fraction. The fractions eluting with 20 and 30% MeOH were combined and then subjected to preparative HPLC (eluent: 40% MeOH containing 0.1% AcOH). The compounds eluting at tR 8.8 min and 15.0 min were separately collected and concentrated to give 7 mg of compound 3 and 0.8 mg of 4, respectively.
Anthers with pollen (3.9 g) of Pr. persica were extracted with 30 mL MeOH. The extract was partitioned between EtOAc and H 2 O. The material from the aqueous layer was partitioned between n-BuOH and H 2 O. The material from the EtOAc and BuOH layers were combined, applied to an ODS gel column (0.5 mm inner diameter × 58 mm), and eluted with 75 mL of MeOH-H 2 O for each fraction. The fraction eluting with 30% MeOH was subjected to preparative HPLC (eluent: 23% MeOH containing 0.1% AcOH). The compounds eluting at tR 10.4 min and 11.4 min were collected and concentrated to give 1 mg of compound 5 and 0.3 mg of 6, respectively.
Anthers with pollen (192 mg) of S. atropurpurea were extracted with 15 mL MeOH. The extract was applied to a silica gel column and eluted with 20 mL of CHCl 3 -MeOH for each fraction. The material eluting with 70% MeOH was subjected to preparative HPLC (eluent: 25% MeOH containing 0.1% AcOH). The component eluting at tR 10.7 min was collected and concentrated to give 2 mg of compound 1.
Quantification was carried out by using HPLC. Pollen grains were screened out from dehisced anthers with a wire mesh (opening 0.5 mm), and pollen and anthers were separately extracted with MeOH. The amounts of compounds 1-6 in the extracts were calculated with a calibration curve between weight and peak area, using isolated compounds 1-6 as standards.
UV/Vis and Fluorescence Spectral Analyses UV/Visible spectra of MeOH solutions of compounds 1-6 were measured with UV-2200AI and UV-1800 spectrophotometers (Shimadzu, Kyoto, Japan). Fluorescence spectra were measured with an FP-8300 spectrofluorometer (Jasco, Tokyo, Japan). An FUV-803 absorbance measurement cell block (Jasco) was used for MeOH solutions of compounds 1-6, and an FPA-810 powder sample cell block was used for intrinsic dehisced anthers with pollen. The absorption, excitation, and emission spectra were measured from 300 nm to 600 nm. Samples of the anthers with pollen were randomly divided into three sets. The measurements with each set were averaged.
UV/Visible spectra of chlorogenic acid-containing filter papers were measured with a V-670 spectrometer (Jasco) equipped with an integrating sphere unit ISN-723 (Jasco). Fluorescence spectra of the filter papers were measured with an FP-8300 spectrofluorometer (Jasco). An FPA-810 powder sample cell block (Jasco) was used for both measurements with filter papers. The absorption and emission spectra were measured from 300 nm to 600 nm. Areas under the spectral curves (AUC) of absorbance, AUC Abs and of emission, AUC Em of the filter papers were integrated to compare the intensities among the concentrations.
Behavioral Two-Choice Assay Honeybees (Apis mellifera) were purchased from Higuchi Yohoen (Kyoto, Japan). The hive was placed on the rooftop of the building of the Graduate School of Agriculture, Kyoto University (Kyoto, Japan), and the honeybees were bred in the hive with 9 frames.
The feeder, designed by von Frisch (1967), was modified as follows (Supplementary material, Fig. S1 ) and consisted of a glass cup (70 mm diameter, 45 mm height) filled with a 50% aqueous white sugar solution (w/v) and a circular acrylic plate SUMIPEX® (white and non-fluorescent, 85 mm diameter, 2 mm thickness; Sumitomo Chemical, Tokyo, Japan). The glass cup was inverted over an acrylic plate with 16 grooves (1 × 1 × 10 mm), cut in a radial arrangement on the surface. A petri dish (60 mm diameter, 15 mm height) containing 0.5 mL of vanilla oil (My Essence Vanilla, MEIDI-YA, Tokyo, Japan) was put beneath the acrylic plate. A wire screen (80 mm diameter) was placed between the acrylic plate and the petri dish for ventilation.
White filter paper (ADVANTEC No. 2 Filter paper Qualitative 70 mm, Toyo Roshi Kaisha, Tokyo, Japan) was used for the behavioral assay. Fluorescent filter paper was prepared by adsorbing chlorogenic acid onto the filter paper. A MeOH solution of chlorogenic acid was uniformly applied onto a filter paper, and the filter paper was dried in air. The chlorogenic acid concentrations tested were 0.3, 1, 3, 10, 30, and 100 mg/g weight of the filter paper. The filter papers were sandwiched between two Labo-USQ quartz glass plates (90 mm diameter, 1 mm thickness; Daiko MFG, Kyoto, Japan), having light transmission rates of more than 90% in the range from 180 nm to 1200 nm, and the edge was sealed with Parafilm M® (Bemis, WI, USA).
The behavioral two-choice assay was carried out on the rooftop during November and December 2016 to avoid the flowering season. The assay was performed between 10:30 am and 4:00 pm. The solar UV intensity between 290 nm and 390 nm was measured with an UV light meter UV-340A (Lutron Electronic Enterprise, Taipei, Taiwan) during each test. Honeybees were trained to forage from the feeder placed just in front of the hive entrance before the assay. Once visits of foraging honeybees to the feeder were confirmed, the feeder was moved gradually to 1, 3, 10, 15, and 20 m away from the hive entrance (Seeley 1995) . After the training, the feeder was taken off, and two feeders were newly placed at 20 m away from the hive. Two filter papers were set on the top of the feeders at the same time. The distance between two feeders was 0.5 m. The honeybees had a choice at a distance of 20 m away from the hive between filter papers on the feeders under the following conditions: a filter paper containing chlorogenic acid on feeder 1 vs. a plain filter paper on feeder 2 for the test matches, and plain filter papers on both feeders for the control match.
The number of honeybee landings on both feeders was counted. One test was finished when the number of landings at either feeder reached 100. Eighteen tests were repeated for each match. The positions of feeders 1 and 2 were switched after every 3 tests. The feeders were cleaned with a detergent every 3 tests. Numbers of honeybee landings at each feeder were converted into an excess proportion index (EPI) (Sakuma and Fukami 1985) , according to the following equation: EPI = (NF1 -NF2) / (NF1 + NF2) where NF1 and NF2 are the numbers of honeybee landings at feeders 1 and 2, respectively. EPI values range from +1 to -1 and simply express polarity of the choice. Positive values indicate a positive approach response to feeder 1.
Statistics The statistical analysis was performed using a general linear model with SAS® Studio version 3.6 (SAS Institute, NC, USA). The polarity of the choice of honeybees for each match under various UV intensities was analyzed by using two-way analysis of covariance (ANCOVA) on the assumption of a Gaussian distribution of EPIs. The analysis employed the EPI as a dependent variable and the concentration of chlorogenic acid as an independent variable. The UV intensity was included as the covariate. Interaction between the concentration of chlorogenic acid and UV intensity was also included in the model. The leastsquare means were assessed with post-hoc tests to disentangle the differences among the concentrations for multiple comparisons. The significance level of the post-hoc test was corrected for multiple comparisons by applying a Bonferroni correction. The 95% fiducial limits of the least-square mean EPIs were also calculated.
Results
We screened 580 plant species for plants possessing pollen and/or anthers showing intense fluorescence under UV light (Fukui et al. 2017 ) and selected five plants: Dipsacus fullonum (Caprifoliaceae), Fatsia japonica (Araliaceae), Plantago lanceolata (Plantaginaceae), Prunus persica 'Akatsuki' (Rosaceae), and Scabiosa atropurpurea 'Snow Maiden' (Caprifoliaceae) (Fig. 1) . Both the pollen and anthers of these plants, except for Pr. persica, emitted blue fluorescence, whereas other parts including petals and pistils did not. The anthers of Pr. persica exhibited blue fluorescence, but its pollen grains and other parts did not. The intrinsic fluorescence of the dehisced anthers with pollen showed excitation and emission maxima at around 350 nm and 450 nm for D. fullonum, F. japonica, Pl. lanceolata, and S. atropurpurea, respectively, and at 325 nm and 432 nm for Pr. persica, respectively (Fig. 2a) . The emission spectra of anthers with pollen overlap the sensitivity curve of blue and green photoreceptors of the honeybee (Peitsch et al. 1992) , indicating that bees can perceive the blue fluorescence.
Localization of fluorescence in the pollen grains of S. atropurpurea was examined. Two-photon excitation microscopy revealed that the fluorescence was emitted from the surface, not from the cytoplasm (Fig. 3a) . After extraction with methanol, the fluorescence decreased in intensity but did not completely disappear (Fig. 3b) . The extracts from pollen exhibited bright blue fluorescence under UV 365 nm light, suggesting that the fluorescent compounds were small molecules soluble in methanol. The cross-sections of pollen grains were observed with a transmission electron microscope to clarify the alteration before and after extraction. The surface of pollen grains was covered by pollen coat as exemplified in the majority of entomophilous plants ( Fig. 3c ; Quilichini et al. 2015) . The pollen coat was removed from underlying exine, the outermost layer of pollen wall, by extraction (Fig. 3d) . The extractable fluorescent compounds are presumed to be located in the pollen coat which is produced in the tapetum through tapetal programed cell death (Quilichini et al. 2015) . The fluorescent compounds may be synthesized and accumulated in the tapetum at the maturation stage of microspores. Exine is composed of a biopolymer sporopollenin. Although the chemical composition of sporopollenin has not been elucidated due to its insolubility, ferulic acid has been identified as a component (Rozema et al. 2001) . The remnant fluorescence is probably derived from a fluorophore such as a feruloyl moiety embedded in sporopollenin. The major fluorescent compounds were isolated from the extracts, while monitoring the fluorescence on TLC. Structure assignments were based on comparison of 1 H NMR data and mass spectra of natural products with literature data (Fig. 4 ; Supplementary material). The following compounds were identified: 3,5-dicaffeoylquinic acid (1) (Scarpati and Guiso 1964; Wald et al. 1989 ) and chlorogenic acid (2) (Fischer and Dangschat 1932; Cheminat et al. 1988) in D. fulluonum; compounds 1 and 2 in F. japonica; (E)-acteoside (3) and its (Z)-isomer (4) in Pl. lanceolata (Birkofer et al. 1968; Nishimura et al. 1991 ); 1-O-(E)-feruloyl-β-D-glucose (5) (Birkofer et al. 1961; Bokern et al. 1987 ) and its (Z)-isomer (6) (Hixson et al. 2016) in Pr. persica, and compound 1 in S. atropurpurea. The occurrence of caffeoyl and feruloyl esters in plants of four investigated families (s. above) suggests their wide distribution as blue fluorophores in pollen and anthers.
Fluorescence spectra of these compounds corresponded well with those of the dehisced anthers with pollen, confirming that these fluorescent compounds are responsible for the fluorescence of the pollen and anthers (Fig. 2b) . The excitation and emission wavelengths of compounds 1-4 were almost coincident with those of methyl caffeate, indicating that the blue fluorescence of these compounds is derived from the caffeoyl moiety. The blue emission of compounds 5 and 6 would be derived from a feruloyl moiety based on comparisons of their excitation and emission spectra with those of methyl ferulate.
The amounts of compounds 1-6 in fresh pollen and anthers were substantial as shown in Table 1 . This indicates their important function as protectants of the pollen grains and anthers from UV-induced damage. Furthermore, these fluorescent compounds are also known as antioxidants. The antioxidant activities of compounds 1-6 are almost equal to those of L-ascorbic acid and caffeic acid (Park et al. 2009; Kweon et al. 2001; Hung et al. 2012; Hamerski et al. 2005 ). The fluorescent compounds may protect pollen genes from UV-induced damage by scavenging reactive oxygen species in addition to the emission of fluorescence.
The potential of fluorescence as a visual cue for free-flying honeybees was examined by a two-choice assay in the field under sunlight. The assay was based on the choice between a chlorogenic acid-containing filter paper and a plain filter paper, which were set on feeders consisting of a cup containing sucrose solution and a petri dish containing vanilla oil (Supplementary material, Fig. S1 ). Concentrations of chlorogenic acid from 0.3 to 100 mg/g were tested for the assay. Human eyes could not distinguish the chlorogenic acid-containing filter papers and plain filter paper under white light, although each were clearly distinguishable under UV light (Supplementary material, Fig. S2a ). The filter papers were sandwiched with quartz plates, and the edge was sealed to avoid any effect of volatilization of chlorogenic acid on the behavior of honeybees. The chlorogenic acid-containing filter papers showed absorption, excitation, and emission maxima at about 330 nm, 355 nm, and 430 nm, respectively (Supplementary material, Fig. S2b, c) . The intensities of absorption and emission of chlorogenic acidcontaining filter papers were expressed as the area under the spectral curve (AUC). The AUC of absorption spectra, AUC Abs , increased in an almost concentrationdependent manner (Fig. 5a ). In contrast to the absorption, the AUC of emission spectra, AUC Em , gradually Content values represent mean ± SE of three replications or mean of two replications increased from 0 to 10 mg/g but decreased from 30 to 100 mg/g due to the quenching of fluorescence by the inner-filter effect at higher concentrations ( Fig. 5b ) (Parker and Rees 1962) . UV radiation is required for the excitation of chlorogenic acid to emit fluorescence. Solar UV intensity changes depending on weather conditions (Williamson et al. 2014) . Increased cloudiness generally decreases UV radiation reaching the surface of the Earth. The solar zenith angle also has a substantial impact on the UV intensity. Therefore, the solar UV intensity was monitored during each test to examine the relationship between the behavior of honeybees and UV intensity. Results of the assay were expressed as an excess proportion index (EPI), representing the polarity of choice; the EPIs of all the tests against the UV intensity are shown in Fig. 5c . Matches with chlorogenic acid provided positive EPIs in almost all the tests under various UV intensities. This shows that honeybees prefer the chlorogenic acidcontaining filter paper over the plain filter paper (Supplementary material, Fig. S1a ). Only two tests gave negative EPIs at 30 mg/g and 100 mg/g when the UV intensity were 70 μW/cm 2 and 210 μW/cm 2 , respectively.
The UV intensity below 500 μW/cm 2 gave significantly lower EPIs than that above 500 μW/cm 2 . A UV intensity above 500 μW/cm 2 seemed to be necessary for the fluorescence to be effectively recognized by honeybees.
Chlorogenic acid and the UV intensity had significantly positive effects on the EPIs across the range of tested concentrations (Fig. 5c) . Since the UV intensities were different among the tests, an analysis of covariance (ANCOVA) was performed to remove the effects of the UV intensity on the EPIs for comparisons among the concentrations. The least-square mean EPIs of matches with chlorogenic acid were positive, ranging from 0.0580 to 0.1823, whereas that of the control was −0.0087 (Fig. 5d) . The values were highest at 10 mg/g and subsequently decreased. This change in the EPIs was similar to that in AUC Em rather than AUC Abs . Photoisomerization of ca. 20% of chlorogenic acid to the (Z)-form on the filter paper occurred during the assay, but decomposed products were not detected, indicating that the degradation of fluorescence could be negligible. These results clearly revealed that honeybees perceive and prefer the fluorescence from chlorogenic acid under sunlight. 2.21, P = 0.047; UV intensity, F 1,112 = 74.81, P < 0.0001; interaction between two factors, F 6,112 = 5.86, P < 0.0001). d Least-square mean EPIs with a Bonferroni correction for tested concentrations of chlorogenic acid. Different letters denote significant differences among the concentrations (post-hoc test, P < 0.05). Error bars represent 95% fiducial intervals of each least-square mean
Discussion
Our two-choice assay demonstrated that honeybees prefer the blue fluorescent filter paper over the non-fluorescent filter paper. The EPIs had a higher correlation with AUC Em than with AUC Abs . This indicates that honeybees preferred the emission rather than the UV absorption, although the absorption may be also informative. The blue fluorescence emitted from pollen and anthers may be attractive to flower-visiting honeybees and other insects by providing additional photons to their reflection. An artificial blue light might be also attractable for them. Further experiments are required in order to clarify, whether pollinators use the fluorescence of pollen, anthers, and other floral structures under sunlight. The quantification of fluorescence quantum yields from pollen and anthers and an experimental approach in which the emission is quenched would be necessary. For long-distance vision, honeybees rely on a contrast signal provided by their green receptors between the target and background, rather than on color signals (Dötterl and Vereecken 2010; Giurfa et al. 1996) . Visual cues for bees appear to be more effective in close proximity to flowers, in contrast to olfactory cues (Dafni et al. 1997; Dötterl and Vereecken 2010; Giurfa et al. 1996) , and honeybees may use the fluorescence from pollen and anthers when they approach flowers. Fluorescences from nectars and other floral structures may also contribute to pollination by enhancing foraging efficiency in association with other cues. Pitcher peristomes of some carnivorous plants emit UV-induced blue fluorescence, which has been considered to function as a possible attractant to capture prey (Kurup et al. 2013) . Fluorescent cues probably serve in mutualistic and commensal interactions between plants and insects.
Fluorescent pollen grains are seen not only in entomophilous but also in anemopilous plants. The pollen of primitive gymnosperms such as the dawn redwood Metasequoia glyptostroboides and the red pine Pinus densiflora also show blue fluorescence under UV light (Fukui et al. 2017 ), although they do not require pollinating animals. The original function of fluorescent compounds could be the direct protection of genes in pollen grains from UV light by absorption and subsequent emission of energy, and indirect protection by scavenging radicals from reactive oxygen species caused by UV radiation. Pollinating insects might later have begun to employ the fluorescent compounds as a guide to food sources. Pollinators exert selective pressures on floral characteristics and vice versa. The fluorescence from pollen and anthers could be a possible factor attracting pollinators toward flowers, and the mutualism between plants and pollinators through fluorescence might contribute to their co-evolution.
